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TOP SUS 

EXO 

B2G 

•  Gives interesting insight in how collaborations work in practice	

•  ATLAS has found different solution to same problem	


	


CMS: ATLAS: 

EXO 

SUS TOP 
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The top quark 	


About the top quark 

Michele Gallinaro - "The top quark" - March 5, 2012 29 
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•  Special: heaviest known elementary particle 
•  Coupling to the Higgs ~1 
•  For Mtop=175 GeV�Γ=1.4 GeV 

 �no hadronization 
•  Special role in EWK symmetry breaking? 

•  Study of top quark properties 

•  Precision measurements may provide 
insight into physics beyond SM 

•  Special sector for searches for new physics  
5	
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•  First evidence 1994, CDF	

•  Discovery by D0 and CDF in 1995	

•  Heaviest known fundamental particle, mt ≈173 GeV/c2	


•  Lifetime ~5×10−25 s à no hadronization before decay	




History of the top quark	


- Christian Schwanenberger -Searches for New Physics at Tevatron TOP 2012, Winchester 8

LHC:
top quark

factory

10000s of events

The Top Quark
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•  Pair production in 8 TeV pp collisions:	


	

	


Freya Blekman, Vrije Universiteit Brussel	
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Top pair production at the LHC	


~90%	


~10%	
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MSTW 2008 NLO PDFs (68% C.L.)

Figure 1: MSTW 2008 NLO PDFs at Q2 = 10 GeV2 and Q2 = 104 GeV2.

with broader grid coverage in x and Q2 than in previous sets.
In this paper we present the new MSTW 2008 PDFs at LO, NLO and NNLO. These sets are

a major update to the currently available MRST 2001 LO [15], MRST 2004 NLO [18] and MRST
2006 NNLO [21] PDFs. The “end products” of the present paper are grids and interpolation
code for the PDFs, which can be found at Ref. [27]. An example is given in Fig. 1, which
shows the NLO PDFs at scales of Q2 = 10 GeV2 and Q2 = 104 GeV2, including the associated
one-sigma (68%) confidence level (C.L.) uncertainty bands.

The contents of this paper are as follows. The new experimental information is summarised in
Section 2. An overview of the theoretical framework is presented in Section 3 and the treatment
of heavy flavours is explained in Section 4. In Section 5 we present the results of the global fits and
in Section 6 we explain the improvements made in the error propagation of the experimental data
to the PDF uncertainties, and their consequences. Then we present a more detailed discussion of
the description of different data sets included in the global fit: inclusive DIS structure functions
(Section 7), dimuon cross sections from neutrino–nucleon scattering (Section 8), heavy flavour
DIS structure functions (Section 9), low-energy Drell–Yan production (Section 10), W and Z
production at the Tevatron (Section 11), and inclusive jet production at the Tevatron and
at HERA (Section 12). In Section 13 we discuss the low-x gluon and the description of the
longitudinal structure function, in Section 14 we compare our PDFs with other recent sets,
and in Section 15 we present predictions for W and Z total cross sections at the Tevatron and
LHC. Finally, we conclude in Section 16. Throughout the text we will highlight the numerous
refinements and improvements made to the previous MRST analyses.
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Single Top production	
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LHC

Tevatron

Production of top quarks

3

Collider qq gg

Tevatron pp (1.96 TeV) ~85% ~15%

LHC pp (7 TeV) ~20% ~80%

tt pair production

single top production  

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

2. SINGLE TOP PRODUCTION 

 
 

66 pb 

1.05 pb 

Observation of single top production:  
 cross section � Vtb

2 

 study top-polarization and EWK top  
    interaction 
 
Test of non-SM phenomena: 

 4th generation 
 FCNC couplings 
 W� , H� 

 anomalous Wtb couplings 
 

2.08 pb 0.22 pb 

Signal � background discrimination: 
 Tevatron:  multivariate methods (neural networks, boosted  
    decision trees, matrix element method) 
 LHC:     cut-based or multivariate method  
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s-channel

t-channel
tW-channel

Collider s-channel
σtb

t-channel
σtqb

tW-channel
σtW

Tevatron pp (1.96 TeV) 1.05 pb 2.08 pb 0.22 pb

LHC pp (7 TeV) 4.63 pb 64.6 pb 15.7 pb

LHC pp (8 TeV) 5.55 pb 87.1 pb 22.2 pb

only virtual q in pp

different PDF contribution

•  Electroweak production 
of top quarks	


•  Dominant channels at 
LHC @ 8 TeV:	

–  t-channel: 87 pb	

–  tW channel: 22 pb	


–  s-channel: 5.6 pb	
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Top pair branching fractions	


B-quark identification 
used to reduce background 

= six jets 

= four jets, lepton, MET = two jets, two leptons, MET 

April 19, 2013	


Freya Blekman - Wine & Cheese Seminar - Fermi National Accelerator Laboratory	




Top quark – special?	

	

•  Many models predict that 

top is special in order to 
explain large mass	


•  Or top quark has special 
role because of its large 
mass	
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AFB – portal to new physics?	


•  CDF and D0 measure 
values not consistent with 
Standard Model 	


•  In multiple decay channels 
and across multiple 
experiments	

–  Compelling to explain as new 

physics	


12	
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17 SM parameters do not constrain creativity	

•  SUSY in all it’s variations	


–  GMSB	


–  MSSM, CMSSM etc	


•  New strong interactions?	

–  Technicolor; excited quarks; compositeness; 

new “contact” interactions	


•  Exotica:	

–  Weird stuff: leptoquarks?	

–  New “forces”?	


–  New resonances (W-Z-like)	

–  More generations?	


•  Fourth generation (b’/t’)	


–  Gravity descending at the TeV scale?	

–  New resonances; missing stuff; black holes; 

SUSY-like signatures [Universal Extra 
dimensions]	


•   SUSY-inspired exotica:	

–  Long-lived massive (new) particles?	


•  Some true inspirations: “hidden valleys”?	


Freya Blekman, Vrije Universiteit Brussel (Belgium) - BND school, Bonn, Germany	
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src: H.Murayama 	




Little Hierarchy problem, Naturalness	
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mHiggs 
126 GeV 

BSM? 

t 

W 
Z 



Little Hierarchy problem, Naturalness	
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mHiggs 
126 GeV 

BSM? 

t 

W 
Z Motivation

● The CMS and ATLAS collaborations have observed a new boson 
with mass ~125 GeV 
● Fundamental scalar particles such as the Standard Model Higgs 
receive divergent corrections to their mass from other SM particles:

 

 

● Restricting fine tuning to the 10% level requires new physics which 
cuts off these divergent contributions [1]: 

3David Sperka: Search for t+b resonances with the CMS experiment
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Little Hierarchy problem, Naturalness	
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mHiggs 
126 GeV 

BSM? 

t 

W 
Z 

If fine tuning <=10%: 
Restrictions: 
Λquarks ~< 2 TeV 
Λgauge ~< 5 TeV  



LHC: search engine	


Freya Blekman, Vrije Universiteit Brussel (Belgium) - BND school, Bonn, Germany	
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“Physics beyond the standard model” -MSSM 



LHC performance	


•  The LHC and CMS: outstanding performance 
during LHC Run 1	


•  Detector performance 	


18	
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Freya Blekman, Vrije Universiteit Brussel	
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Compact Muon Solenoid	


 
 

 
 

 
 



CMS detector performance	
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Percentage of CMS active channels!

5 Maria Chamizo Llatas Higgs Quo Vadis March 2013 
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•  Outstanding LHC 
performance comes   
at a price:	


•  2011:   	

•  Run A: 5 PU	

•  Run B: 8 PU	


•  2012:     	

•  Average: 21 PU	


LHC 2012 run: Pile-Up	




Particle flow	
Global Event Description (Particle Flow)!

15 Maria Chamizo Llatas Higgs Quo Vadis March 2013 22	
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leptons	


Electron isolation and efficiency !

16 Maria Chamizo Llatas Higgs Quo Vadis March 2013 

Efficiency'is'stable'in'a'
high'Pile'up'environment'

Isolation very stable with pile up!
Created summing energy deposits from individual particles ΔR=0.4 cone around the 
lepton!

Negligible contribution from charged hadrons from primary vertex!
Neutral contribution corrected using the average energy density!

April 19, 2013	
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Electron efficiency 	

stable vs # vertices	


•  Substantial effort necessary 
to achieve this stability 	


Muon identification efficiency  !

18 Maria Chamizo Llatas Higgs Quo Vadis March 2013 

Efficiency'very'stable'in'a'
high'Pile'up'environment'

Efficiency'higher'than'
95%'for'pT'>'35'GeV'

Barrel  

Muon identification 
efficiency vs # vertices	




Jets	

•  For most analyses, CMS 

uses anti-kT jets with a 
distance parameter of 0.5	


•  Particle flow algorithm 
allows very good agreement 
between data and MC with 
small jet energy scale 
uncertainties 	
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Missing ET	

•  Particle flow extremely 

powerful approach for 
missing ET reconstruction	


•  Missing ET sensitivity to 
PU irreducible	

–  But well reproduced in MC	
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Jets with b-tagging	

§  Long lifetime of b-hadrons in 

b-jets 	


§  τ= 1.512 x 10-12 s	


§  cτ = 455.4 µm	


•  Combination of lifetime 
information in MVA	


•  Efficiency measured in 
top and QCD events 
(data) using multiple 
methods	
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On the momentum of top quarks	
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•  Once boost of top 
quarks high enough	


•  Decay products become 
collimated	

–  W->qq in one jet	

–  Or t->bqq in one jet	


•  Special reconstruction 
algorithms needed:	

–  Cambridge-Aachen 

algorithm with distance 
parameter 0.8	


Freya Blekman, Vrije Universiteit Brussel (Belgium) - BND school, Bonn, Germany	
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Jets with substructure	
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Jets with substructure	
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Validation in lepton+jets events	
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•  Algorithm validated using muon+jets selection	


•  Data shows that W boson and top quark (using di-jet 
events) can be reconstructed this way and is 
reasonably well modeled	


Freya Blekman, Vrije Universiteit Brussel (Belgium) - BND school, Bonn, Germany	
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Top pair production	
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228 ±9 ±11 ±10 pb  
(ICHEP’12 prelim) 

7 TeV dominated by  
162 ±2 ±5 ±4 pb 
(JHEP 11 (2012) 067) 

Production cross section overview 



LHC: Top quark pair factory	

•  Cross sections ~225 pb 	

•  In combination with 20 /fb 

datasets:	

–  LHC is a top factory	


–  Very productive program 
of Standard Model 
precision top physics	
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 src: CMS TOP-12-006 



Heavy resonances decaying to 
top+bottom 	
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W’ to tb	

•  Another way to cancel 

fine-tuning problems in 
top, gauge and Higgs 
self-coupling loops	


•  Couplings similar to 
standard model?	


April 19, 2013	
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Motivation

● Many new physics models which explain the light 
Higgs mass introduce new particles which cancel 
the divergences of the top, gauge, and self-coupling 
loops

● Our search focuses on a heavy new charged 
guage boson, referred to as a W', which is predicted 
by many theories, for example:

● Little Higgs [1]
● Extra Dimensions [2,3]
● Extended Technicolor [4]
● Left-Right Symmetry [5]

● We perform a model independent search for a W' 
boson which to decays to a top+bottom quark pair  

 

 

4

W'

David Sperka: Search for t+b resonances with the CMS experiment

Method

5

'

● The most general, lowest-order Lagrangian which describes the W' 
coupling to fermions can be written as [6]: 

 

● Both left- and right-handed couplings are allowed, and if the left- 
handed coupling is non-zero, the W' will interfere with the SM W

● We focus on the top+bottom quark decay mode, with a leptonic 
(electron/muon) decay of the W boson from the top decay

● Complimentary to leptonic channel
● Small QCD background compared

to light quark decays
● Extremely important if leptonic 

channel is suppressed, or coupling
to third generation is enhanced [7]  

 

 

 

Z. Sullivan, Phys. Rev. D 66 (2002) 075011

David Sperka: Search for t+b resonances with the CMS experiment

Non-0 à interference with SM 
src:Z.Sullivan, Phys.Rev.D 66 075011 



Single top production	
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Figure 3: Distributions of HT and the pT of the system composed of the leptons, Emiss
T and the

jet, in data and simulation after jet selection in the signal region (1j1t).

separate the tW signal from the dominant tt background. These variables are HT, defined as
the scalar sum of the transverse momenta of the leptons, jet, and Emiss

T ; the pT of the system
composed of the leptons, Emiss

T and jet; the pT of the jet with the highest energy; and the dif-
ference in angular separation, f, between the direction associated to the Emiss

T and the closest
of the two selected leptons. The distributions of HT and the pT of the system composed of the
leptons, Emiss

T and the jet, are presented, in the signal region (1j1t), in Fig. 3. The presence of the
tW signal over the background is visible in all the distributions. The distributions of the other
two variables are available in Appendix A.
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Figure 4: Distribution of the BDT discriminant in the signal region (1j1t) in data and simulation.

The output of the BDT is a single discriminant value for every event ranging from �1 (background-
like) to +1 (signal-like). The distribution of the BDT discriminant is shown for the 1j1t signal
region in Fig. 4. Even if the tW signal does not peak strongly at +1, its distribution discrim-
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 src: CMS TOP-12-011  src: Phys.Rev.Lett.110 (2013)022003 



W’ to tb	


•  analogue to single top s-
channel production	


•  Leptonic top decay:	

–  Final state of lepton+MET+2 b 

jets	


•  Mass reconstruction  also 
used in SM top physics, using 
W boson mass to constrain 
MET	

–  With additional top mass 

constraint	


•  Interpret in left and 
right handed W’ 
scenarios	
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tt pair production
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s-channel

t-channel
tW-channel

Collider s-channel
σtb

t-channel
σtqb

tW-channel
σtW

Tevatron pp (1.96 TeV) 1.05 pb 2.08 pb 0.22 pb

LHC pp (7 TeV) 4.63 pb 64.6 pb 15.7 pb

LHC pp (8 TeV) 5.55 pb 87.1 pb 22.2 pb

only virtual q in pp

different PDF contribution

W’ W 
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W’ to tb	


•  No excess over SM predictions	

•  Limit on mass W’R: 2.03 TeV	
 •  Expected limits very similar	
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Heavy resonances decaying to 
top quark pairs	
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•  Differential cross sections now 
available for 8 TeV sub-set 	


•  Searches in tails of distributions 
ongoing for 8 TeV full sample	

–  Expect results very soon	


•  Z’ scenarios interwoven with 
natural EXO solutions and AFB-
explaining models	


•  Mttbar distribution sensitive to 
many new physics scenarios	


40	
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Motivation

● Many new physics models which explain the light 
Higgs mass introduce new particles which cancel 
the divergences of the top, gauge, and self-coupling 
loops

● Our search focuses on a heavy new charged 
guage boson, referred to as a W', which is predicted 
by many theories, for example:

● Little Higgs [1]
● Extra Dimensions [2,3]
● Extended Technicolor [4]
● Left-Right Symmetry [5]

● We perform a model independent search for a W' 
boson which to decays to a top+bottom quark pair  

 

 

4

W'

David Sperka: Search for t+b resonances with the CMS experiment

Z’ 

src: TOP-12-027 PAS 

Investigating ttbar invariant mass distribution	




Top resonaces physics motivation	
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● The Standard Model (SM) predicts production of top-antitop pairs through 
the exchange of gluons 

                        Introduction

● But certain new models (beyond SM) also predict the production of top-antitop 
pairs through a massive resonance Z'

● Eg: “Topcolor-assisted technicolor” model which predicts a leptophobic Z'  
with strong couplings to the third generation: hep-ph/9911288: Hill, Parke, Harris  

Illustration only

70% 30%

•  Many new physics models predict extra 
exchange of massive particles in top quark 
production	

–  Would be observed in a peaked or general 

excess/dip in the top-antitop invariant mass 
spectrum	


–  Substantial number of theoretical models 	

–  Z’, colorons, axigluons, Randall-Sundrum/ADD 

gravitons, Pseudo-scalar Higgs to ttbar	


•  And many more	


•  Searches presented can be interpreted 
in any of these	

–  For general comparison,“Topcolor-assisted 

technicolor” model: hep-ph/991.1288: Hill, Parke, Harris 	


A Composite 
Top?

More generally we can ask what kind of 
phenomena result when the top is a 
composite, resulting from some 
constituents bound together by some new 
force.

Since the top is colored, some of its 
constituents must be too.

We can imagine higher resonances (like 
the rho mesons of QCD).  They are 
probably colored as well.

We expect they must couple strongly to 
top.  It may be they couple very very 
weakly to other quarks.

Point-like SM particles

Weakly coupled
bare constituents?

Resonances?

Higher dimensional
operators

LHC?

...sr
c:

 T
. T

ai
t 
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                    Event Selections

● Selections: 
● Leptons: two high-pT, isolated, oppositely-charged leptons (pT > 20 GeV)

- pseudorapidity |η| < 2.5 
● Missing transverse energy, MET > 30 GeV
● m(ll) > 12 GeV; in ee and mumu channels, veto 76 < m(ll) < 106 GeV
● N(jets) > =2, pT > 30 GeV, |η| < 2.5
● At least one b-tag (based on secondary vertex identification)

Z'

proton

       proton

●We choose “dileptons” decay mode (ee, mumu, emu)  

analysis strategy	

•  Searches in different top decay 

channels	

–  Dileptons	


–  Semileptonic = lepton+jets	


–  Hadronic = alljets	

•  And in different regimes	


–  Close to 2x(top mass) threshold	

•  Sensitive to shape of SM M(ttbar) distribution 	

•  Conventional top physics techniques may be 

used	


–  More boosted	

•  Sensitive to more massive M(ttbar) BSM physics	

•  Dedicated reconstruction techniques may be 

necessary	
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≡
≡
t t →  −+ννbb

t t →  νqqbb
t t → qqqqbb

? 

8 TeV 
l+jets 
Preliminary TODAY 



Semileptonic, threshold	
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Ref:CMS TOP-11-009 

•  Require only one lepton, >= 4 jets and 
split in b-tag multiplicity	


•  χ2 sorting used to select best jet combination 	


	


•  Using data-driven estimates for falling 
distribution of top pair mass spectrum above 
500 GeV/c2	


•  Systematic uncertainties take into 
account rate and shape changes for 
signal and background model	


src: CMS PAS B2G-12-006 



Semileptonic, threshold	

•  Fit to falling distribution in electron/muon final states used to 

set limits (1 and ≥2 b-tag regions fit simultaneously)	

–  Fully data-driven method, only makes assumptions on resonant 

shape of signal	
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Semileptonic, non-isolated	

•  Alternate analysis: Loosened lepton 

isolation criteria allow jet/lepton overlap	

•  Focus on mass tail: require harder cuts on 

leptons and jets 	

•  Only at least 2 jets+lepton required	


•  χ2 sorting used to select best jet 
combination	


•  Simultaneous template fit to M(ttbar) in 
different b-tag multiplicities and electron/
muon final states used to set limits 	


•  Backgrounds normalized to control region 
where SM ttbar is dominant	
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Semileptonic, non-isolated	
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•  Multiple scenarios considered	

–  Worlds best limit on production of resonant 

ttbar:	

•  Z’ (width 1.2%):  m > 2.10 TeV	

•  Z’ (width 10%):   m > 2.68 TeV	

•  KK gluons: m > 2.69 TeV	


•  Resonances in low-mass region:	


 	
excluded with xsec > 1-2 pb!!	
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Figure 1: Distributions of the transverse momentum of the highest-pT electron in the ee chan-
nel, the pseudorapidity of the highest-pT jet in the µµ channel, and Df between the missing
transverse momentum and highest-pT lepton in the eµ channel. The hatched region indicates
systematic uncertainties on the sum of SM backgrounds.
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Figure 2: Distributions of the tt invariant mass for the ee, µµ, and eµ channels. The pz values
for both neutrinos are set to zero. The hatched region indicates systematic uncertainties on the
sum of SM backgrounds. The Z0 signal corresponds to a resonance width of GZ0 = 0.012MZ0 ,
and has been scaled up so as to be visible.

closer to 0. To build this discriminant the background is defined as the sum of all SM processes,
and the signal is set to MZ0 = 750 GeV for narrow width, and MZ0 = 1000 GeV for wide width.
The separation power increases with hypothetical Z0 mass. Thus, using the Z0 simulated sample
with the lowest Z0 mass for the signal when training the BNN ensures good discrimination
between signal and background even for the higher Z0 masses. A separate discriminant is
constructed in each of the three channels. As inputs to the training, the following 17 variables
are used in each of the two scenarios, and in each channel:

• pT and h of the highest-pT lepton,
• pT, h, and Df of the second highest-pT lepton,
• pT, h, and Df of the highest-pT jet,
• pT, h, and Df of the second highest-pT jet,
• ET/ , and Df of the missing transverse momentum,
• pT, h, and Df of the highest-pT b-tagged jet, and number nb of b-tagged jets,

where Df is the difference in azimuth between the object and the highest-pT lepton. This set of
input variables constitutes the full array of four vectors of final-state objects that are measured
in the analysis, along with additional information about the b-tagged jets.

Dilepton, threshold, 7 TeV	

Selection requirements: 	

ee/eμ/μμ final state	

•  two isolated leptons, 

opp.charge, pT>20 GeV,|η |<2.5	


•  Missing ET>30 GeV	

•  Veto on DY at low/Z peak	

•  ≥2 jets, one b-tag 

(Secondary vertex)	

pT>30 GeV, |η |<2.5	


Analysis uses Bayesian NN to 
gain more sensitivity	
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eµ only 
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6 7 Systematic uncertainties

The resulting BNN outputs for the observed data, the SM background, and the Z0 signals for
GZ0 = 0.012MZ0 and GZ0 = 0.10MZ0 are shown in Figs. 3 and 4, respectively, for the ee, µµ,
and eµ channels. There is good agreement between data and the SM background in all three
channels with no evidence of a resonance signal. Upper limits are set on sZ0B(Z0 ! tt).
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Figure 3: Distributions of the BNN output discriminant for the ee, µµ, and eµ channels. The
hatched region indicates systematic uncertainties on the sum of SM backgrounds. The Z0 signal
corresponds to a resonance width of GZ0 = 0.012MZ0 , and has been scaled up so as to be visible.
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Figure 4: Distributions of the BNN output discriminant for the ee, µµ, and eµ channels. The
hatched region indicates systematic uncertainties on the sum of SM backgrounds. The Z0 signal
corresponds to a resonance width of GZ0 = 0.10MZ0 , and has been scaled up so as to be visible.

7 Systematic uncertainties

The signal and background models are affected by a number of systematic uncertainties, which
are propagated into the limit calculation. The uncertainties are divided into two categories:
those that affect only the overall normalization of a process (“rate”) and those that affect also
the distribution of the BNN discriminant (“shape”). The rate effects include the uncertainty on
predicted cross section and normalization for each SM background based on data, as discussed
in Section 4, and the uncertainties from integrated luminosity, lepton identification and isola-
tion, b-tagging scale factor, jet energy scale, and pileup reweighting for both SM background
and Z0 signals. Rate uncertainties are also included for the SM tt and W ! `n events from
variations in the renormalization and factorization scales (l), and the matching scale for jet
production threshold between jets from matrix-element generation in MADGRAPH and parton
showering in PYTHIA [36]. The l and matching scales are each varied up and down by a factor
of two with respect to their nominal values (Q2 and 20 GeV, respectively) in order to estimate

Dilepton, threshold, 7 TeV	

•  After selection dominated by ttbar 

production (75%)	


•  Good agreement between MC 
(Madgraph) and data.	


•  BNN trained for 750 GeV Z’	


•  Input variables: all available four-
vectors and angles wrt missing ET, b-
tag multiplicity and angles wrt b-jet	


•  Systematic uncertainty on rates and 
shapes of SM contribution total: 18%	


M(Z’, 1.3%) < 1.3 TeV excluded	

M(Z’, 10%) < 1.9 TeV excluded	
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Figure 5: Upper limits on sZ0B(Z0 ! tt) versus MZ0 for narrow and wide resonances. Also
shown is the theoretical prediction for the Z0.

9 Summary

A data sample, corresponding to an integrated luminosity of 5.0 fb�1 collected in pp collisions
at

p
s = 7 TeV, has been analyzed in a search for heavy resonances decaying to top quark-

antiquark pairs with subsequent leptonic decay of both top quark and antiquark. No excess
beyond the standard model prediction is observed. Upper limits at the 95% CL are derived on
the product of the production cross section and branching fraction for these decays, for various
masses of narrow and wide resonances. The existence of a leptophobic Z0 topcolor particle is
excluded for MZ0 < 1.3 TeV with GZ0 = 0.012MZ0 , and for MZ0 < 1.9 TeV with GZ0 = 0.10MZ0 .
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All hadronic, boosted, 7 TeV	

•  Using boosted objects and jet 

pruning to identify substructure	

–  Full merged and semi-merged 

topologies	


•  Cambridge-Aachen jets 	

–  ‘top jets’	


–  ‘W boson jets’	
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All-Hadronic Analysis

18

• Fully merged, “type 1” : JHU top tagger
• Partially merged, “type 2” : U of W jet pruning with BDRS mass drop as a “W tagger”

Top candidate

Top candidates
W candidate

b candidate

• 2 jets, pT > 350 GeV
• Both jets are top tagged

• Not type 1 + 1
• Jet 1 pT > 350 GeV, top tagged
• Jet 2 pT > 200 GeV, W tagged
• Jet 3 pT > 30 GeV, form top 

mass with jet 2

CMS-PAS-EXO-11-006
CMS-PAS-JME-11-013

3.3 Background estimate 7
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Figure 2: (a) The mass of the highest-mass jet (W-jet), and (b) the mass of the Type-2 top can-
didate (W + b), in the hadronic hemisphere of moderately boosted semimuonic tt events. The
data are shown as points with error bars, the tt Monte Carlo events in dark red, the W+jets
Monte Carlo events in lighter green, and non-W multijet (non-W MJ) backgrounds are shown
in light yellow (see Ref. [46] for details of non-W MJ distribution derivation). The jet mass is
fitted to a sum of two Gaussians in both data (solid line) and MC (dashed line), the latter of
which lies directly behind the solid line for most of the region.

sumption that the efficiency scale factor for the Type-1 top tagging is the same as that for the
W-tagging.

3.3 Background estimate

Since this analysis focuses on signatures with high-pT jets, the main backgrounds expected are
from SM non-top multijet production and tt production. The background from NTMJ produc-
tion is estimated from sidebands in the data as described below. For the Z0 masses considered
in this analysis, the irreducible SM tt component is significantly smaller than the NTMJ back-
ground contribution, and is therefore estimated from MC simulation using the same correction
factors as found for the Z0 MC described in Sec. 3.2. It is normalized to the approximate next-to-
next-to-leading-order (NNLO) cross section for inclusive tt production, taken to be 163 pb [48–
50].

src: JHEP 1209 (2012) 029  



All hadronic, boosted, 7 TeV	
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5.1 Resonance analysis 13
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Figure 4: The 95% CL upper limits on the product of production cross section (s) and branch-
ing fraction (B) of hypothesized objects into tt, as a function of assumed resonance mass. (a)
Z0 production with GZ0/mZ0 = 1% (1% width assumption) compared to predictions based on
Refs. [4–6] for GZ0/mZ0 =1.2% and 3.0%. (b) Z0 production with GZ0/mZ0 = 10% (10% width
assumption) compared to predictions based on Refs. [4–6] for a width of 10%. (c) Randall–
Sundrum Kaluza–Klein gluon production from Ref. [12], compared to the theoretical predic-
tion of that model. The ±1 and ±2 standard deviation (s.d.) excursions are shown relative to
the results expected for the available luminosity.

•  LLH fit to bumps in mass 
spectrum used to set limits	


•  Narrow (1.2%) Z’ limit: 	
 M(Z’) > 1.3-1.5 TeV	

•  intermediate (3%) Z’ limit: M(Z’) > 1.6 TeV	

•  Wide (10%) Z’ limit: 	
 M(Z’) > 2.0 TeV	

•  RS Kaluza-Klein gravitons: M(KKG) > 1.4-1.5 TeV	


•  95% CL upper limits on increased 
cross section at high mass:	

~1 pb for intermediate mass (1 TeV)	

~50 fb for higher mass (2 TeV) 	




Heavy top partners	
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Fourth Generation	


•  Fourth generation one of 
more compelling SM 
extensions	

–  Direct and indirect limits 

on simplest SM4: excluded!	


•  More elaborate fourth 
generation models still 
alive	

–  Any SM extension with a 

Higgs doublet and fourth 
generation	


–  Any models predicting 
other heavy top partners 
such as 2HDM	


–  Vector-like quarks that are 
top quark/b quark partners	


–  Exotic top partners with 
with different charge	
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Heavy Partner of the Top

2

• Can be divided into two main categories

‣ Sequential Fourth fermion generation (SM4)

- A simplest extension of the SM3, adding another fermion generation

- Direct limits on t´/b´ production
- M. S. Paul H. Frampton, P.Q. Hung Phys. Rep. 330 (2000) 263

‣ Vector-like quarks

- Transforms as (3,1,+2/3) under SU(3)c × SU(2)W× U(1)Y would mix with the top quark
- Rakhi Mahbubani et.el,  JHEP 0906:001 (2009)

• We need new physics at TeV scale to stabilize its mass

‣ T quark cancels the top loop

Vectorlike quarks

All Standard Model fermions are chiral: their masses are not gauge
invariant, and arise from the Higgs coupling.

Vectorlike (i.e. non-chiral) fermions – a new form of matter.

Masses allowed by SU(3)c × SU(2)W × U(1)Y gauge symmetry,

⇒ naturally heavier than the t quark.

A vectorlike quark which transforms as (3,1,+2/3) under

SU(3)c × SU(2)W × U(1)Y would mix with the top quark.

Branching fractions of t′:
(Mh = 125 GeV, sin θL = 0.1)
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0.0
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0.8

1.0

mt' !GeV"

B#
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t' ! h t
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. 24

vector-like quarks 
� we have a 125 GeV Higgs boson 

 
 
 
 
 
 
 
 
 
 

� 4th generation would enhance Higgs cross section by factor � 5 
� inconsistent with data 

 
� need new physics at the TeV scale to stabilize its mass 

� T quark cancels top quark loop 

8/9/2012 Ulrich Heintz - XTY Meeting 3 

Thursday, January 17, 2013

Motivation

● The CMS and ATLAS collaborations have observed a new boson 
with mass ~125 GeV 
● Fundamental scalar particles such as the Standard Model Higgs 
receive divergent corrections to their mass from other SM particles:

 

 

● Restricting fine tuning to the 10% level requires new physics which 
cuts off these divergent contributions [1]: 

3David Sperka: Search for t+b resonances with the CMS experiment

Top or	

Bottom	

partner	




Fourth Generation	

•  Still compelling topic even if 

simplest extension excluded	

–  Can enhance CP violation	

–  Heavy neutrino as DM 

candidate	


•  Vector-like fermions (non-
chiral fermions):	

–  Not excluded by Higgs cross 

sections 	


–  Little Higgs models  
Nucl.Phys.Proc.Suppl.117 (2003)40 	


–  Warped extra dimensions  
Phys.Rev.Lett.83:3370-3373,1999���
	


	


•  Models benchmark for 
new physics decaying 
top-like:	

–  Extremely rich 

phenomenology with final 
states with multiple gauge 
bosons, b and t quarks:	


•  T->bW,tZ, th	


•  B->tW,bZ,bh	


–  Current searches mostly 
pair production 	


–  Single production also 
possible	


April 19, 2013	


Freya Blekman - Wine & Cheese Seminar - Fermi National Accelerator Laboratory	

53	




Vector-like quarks:	

2.  Exclude Triangles not Points

• At 7 TeV most heavy quark, Q searches assume100% BR for a given 
channel  

• Michael Peskin’s slogan #2

‣ ExcludeTriangles not Points, a vector-like heavy quark would have the 
following decay modes

6

Vector-like Quark

https://indico.fnal.gov/getFile.py/access?contribId=49&resId=0&materialId=slides&confId=5256
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src: M. Peskin 

Similar triangle 	

for 	


B-like VLQ	




Search for Bottom/top partners in 7 TeV data	


•  Investigate ST = sum pT of jets+lepton+MET as a 
function of jet multiplicity	


•  tZtZ and tWtW final states examined (similar limits)	
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Zoo of 7 TeV direct searches	
Summary (7 TeV)

44

Search Channel Lower mass limit

t´→bW pair
lepton+jets 570 GeV/c2

t´→bW pair
dileptons 557 GeV/c2

b´→tW pair
lepton+jets 675 GeV/c2

b´→tW pair
trilepton and same-sign dilepton 611 GeV/c2

T→tZ pair
lepton+jets 625 GeV/c2

T→tZ pair
trileptons 475 GeV/c2

B→bZ pair  two leptons 550 GeV/c2

Model-Dependent t´/b´ lepton(s)+jets 685 GeV/c2

Thursday, January 17, 2013
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First limits on 8 TeV data	


•  Multilepton SUSY search 
using half of 2012 dataset 	

–  Reinterpretation in           

BB->bZbZ and BB->tWtW 
scenarios	


18 8 Interpretation of the result as a b’!tW or b’!bZ search

8 Interpretation of the result as a b’!tW or b’!bZ search
A popular idea for beyond the standard model physics is the existence of sequential, exotic
quarks [38–42]. The heavier partner of the bottom quark, denoted by b’, could then decay
either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a flavor changing neutral current (FCNC). In general, a b’
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV b’!bZ [43], b’!tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the b’ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the b’ mass
and the branching ratio of b’!bZ (which is 1 - BR(b’!tW) if the BR(b’!bH) is set to zero).

The various bins in the analysis have different amounts of signal as the branching ratio changes.
For example, when both b’ quarks decay to tW, 4.7% of events are classified as OFF-Z three-
lepton events, and 0.4% of events are classified as four-lepton events. On the other hand, if
both b’ quarks decay to bZ, 0.36% of events have 4 leptons. When one b’ decays to tW and
one to bZ, then 0.375% of events are classified as 4-lepton events, and 2.25% are classified as 3-
lepton events. In this way, we always have sensitivity to b’ decays irrespective of the branching
fractions.
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Figure 16: ST distributions are shown for to channels with expected signals overlaid. The left
plot shows the four-lepton channel with at least one b-tagged jet and one OSSF pair on the
Z mass with the expected signal for b’!bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for b’!tW with 100% branching ratio. Both signals have a b’
mass of 550 GeV.

This result represents the first CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio b’!bZ on the y-axis and the
b’ mass on the x-axis. Points to the left of the curve are excluded at the 95% confidence level.
We also show one dimensional exclusions for fixed branching ratios in Fig. 18. Cross sections
are provided by the HATHOR program [46].

April 19, 2013	


Freya Blekman - Wine & Cheese Seminar - Fermi National Accelerator Laboratory	

57	


19

 (GeV)b'm
500 600 700 800 900

 b
Z)

→
BF

(b
' 

0

0.2

0.4

0.6

0.8

1

 (f
b)

95
%

ob
se

rv
ed

σ

0

20

40

60

80

100

CMS Preliminary -1 = 9.2 fb
int

 = 8 TeV, Ls

b' interpretation

observed 95% CLs Limits
Theory uncertainty (NLO)

expected 95% CLs Limits

Figure 17: Exclusion in the two-dimensional plane consisting of the b’!bZ branching ratio on
the y-axis and the b’ mass on the x-axis. Points to the left of the curve are excluded at the 95%
confidence level.The curves are shown with the observed 95% excluded cross sections.
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Figure 18: We show the one-dimensional exclusion contours for fixed values of the b’ branch-
ing ratio. The top left panel shows b’!tW, the top right panel shows b’!bZ, and the bottom
plot shows the 50% branching ratio.
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Top partner with charge 5/3e	

•  Focus on same-sign dilepton 

channel	

–  Leptonic W bosons from same 

T5/3	


•  Understanding same-sign fake 
and prompt lepton 
background 	

–  Non-prompt background 

determined on data	


–  Prompt: rare decays from MC:	

•  WW, ZZ, ttbarW, ttbarZ,  WWW	


Top partner having charge 5/3 (T5/3)

T5/3!tW

Search for pair-production of T5/3

Focus on same-sign dilepton
channel.

Two W bosons from same T5/3
decay leptonically.

q̄ q0

g

g

T̄5/3

q0

q̄

g

W�

W+ b

b̄

t̄

l+ ⌫
l+ ⌫

t
T5/3

W�

W+

Selection
Exactly two isolated same-sign leptons (e or µ) with
pT > 30 GeV.
Quarkonia veto: M(``) > 20 GeV.
Z boson veto: M(``) < 76 GeV or M(``) > 106 GeV.
More than four jets with pT > 30 GeV.
HT > 300 GeV, where HT is the scalar sum of pT of the
selected jets.

Ulysses Grundler (NTU) Top Partners at CMS LLWI 2013 6

CMS-PAS-B2G-12-003
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•  Very busy environment: 
require same-sign leptons 
outside Z boson window 
and HT>900 GeV	


•  High-mass leads to merging 
of objects: 	

–  Substructure considered as 

V-tagged jets or top-tagged 
jets	
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Top partner with charge 5/3e	




Reconstructed T5/3 mass 
considered also from 
substructure tools	


60	

April 19, 2013	


Freya Blekman - Wine & Cheese Seminar - Fermi National Accelerator Laboratory	


src: CMS PAS B2G-12-012 

Top partner with charge 5/3e	




•  SS lepton events with 
HT>900 GeV:	

–  11 observed	


–  6.6±2 expected	


•  Cross section limits 
exclude q=5/3e top 
partners with mass up 
to 770 GeV/c2	
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Top partner with charge 5/3e	




Composite top	
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(t+j)(t+j) resonant search	

•  Composite top quark 

would mean excited states 
possible	

–  Pair produced spin 3/2 fermion 	

–  100% decay t* to tg asssumed	


•  References:	

–  Dicus, Gibbons, and Nandi, arXiv:hep-ph/9806312 	

–  Hassanain, March-Russel, and Rosa, JHEP 0907 

(2009) 	


–  Stirling and Vryonidou, JHEP 1201 (2012) 	


63	

April 19, 2013	


Freya Blekman - Wine & Cheese Seminar - Fermi National Accelerator Laboratory	


Signature

Pair produced t

⇤ decaying
to top+gluon

Examine lepton+jets
channel

One lepton (e or µ)
Six jets (2 gluon, 2
b-quark, 2 from
W decay)
p

T

/ from neutrino

Ulysses Grundler (NTU) Excited Top Quark Search 2013.02.08 5

src: CMS PAS B2G-12-014 



•  top+j mass as 
discriminating variable	


•  Modified version of 
HitFit mass fitter with 
additional constraints 
on t+j mass	


•  Fully data-driven: 
Fitting to resonance 
on falling mass 
distribution	
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•  First search for particle 
decaying to (t+j)(t+j)	


•  data driven method	

–  Leading systematic 

uncertainties are JES & 
MC statistics of signal 
and parton density 
functions  	


•  Many possible 
interpretations	
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•  Welcome feedback from 
pheno community on 
interpretation for  paper 
currently in preparation	


(t+j)(t+j) resonant search	


src: CMS PAS B2G-12-014 



Short advertisement	

•  The Beyond-two-generations group is a small physics 

group in CMS	


•  We have open topics for experimentalists	

–  Including nice thesis topics and analyses a postdoc can make 

a visible contribution	

–  CMS internal B2G page has more details 	


	
(linked from iCMS)	


•  In addition, we are seeking more interaction with the 
pheno community	

–  Particularly feedback on how to best present our results is 

extremely welcome	
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References:	

Search for Z’ to ttbar in l+jets, CMS PAS B2G-12-006, Preliminary 8 TeV 19.6 /fb	

Search for 5/3e T’, CMS PAS B2G-12-012, Preliminary 8 TeV 19.6 /fb	

Search for W’ in l+jets events, CMS PAS B2G-12-010, Preliminary 8 TeV 19.6 /fb	

Search for t*t* production, CMS PAS B2G-12-014, Preliminary 8 TeV 19.6 /fb	

Search for T’/B’ in tri/multilepton events, CMS PAS SUS-12-027, Preliminary 8 TeV 9.2 /fb	

	

Search for B’/T’ in l+jets events, JHEP 01 (2013) 154, B2G-12-004, 7 TeV 5 /fb	

Search for Z’ to ttbar in dileptons, Submitted to Phys. Rev. D, TOP-11-010, 7 TeV 5 /fb	

Search for Z’ to ttbar in all-jets, JHEP 1209 (2012) 029, EXO-11-006, 7 TeV 5 /fb	


	


https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G	


Expect many more results in the very near future!	
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Conclusion & Outlook	

•  CMS has established searches 

program in the top sector	

– Top-like Exotica 	


= Beyond two generations (B2G)	


•  Pushing the envelope:	

–  very stringent limits	


–  spearheading new 
reconstruction techniques	


•  Many 8 TeV analyses in the 
pipeline.	
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3.3 Background estimate 7
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Figure 2: (a) The mass of the highest-mass jet (W-jet), and (b) the mass of the Type-2 top can-
didate (W + b), in the hadronic hemisphere of moderately boosted semimuonic tt events. The
data are shown as points with error bars, the tt Monte Carlo events in dark red, the W+jets
Monte Carlo events in lighter green, and non-W multijet (non-W MJ) backgrounds are shown
in light yellow (see Ref. [46] for details of non-W MJ distribution derivation). The jet mass is
fitted to a sum of two Gaussians in both data (solid line) and MC (dashed line), the latter of
which lies directly behind the solid line for most of the region.

sumption that the efficiency scale factor for the Type-1 top tagging is the same as that for the
W-tagging.

3.3 Background estimate

Since this analysis focuses on signatures with high-pT jets, the main backgrounds expected are
from SM non-top multijet production and tt production. The background from NTMJ produc-
tion is estimated from sidebands in the data as described below. For the Z0 masses considered
in this analysis, the irreducible SM tt component is significantly smaller than the NTMJ back-
ground contribution, and is therefore estimated from MC simulation using the same correction
factors as found for the Z0 MC described in Sec. 3.2. It is normalized to the approximate next-to-
next-to-leading-order (NNLO) cross section for inclusive tt production, taken to be 163 pb [48–
50].
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MSSM vs SUSY	


16 

SUSY 

pMSSM 

MSSM 

N=1 

CMSSM 

NMSSM 
  Dirac 
gauginos 

singlinos 

U(1)’  
 

Freya Blekman, Vrije Universiteit Brussel (Belgium) - BND school, Bonn, Germany	
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Typical GPD coordinate system	


Freya Blekman, Vrije Universiteit Brussel (Belgium) - BND school, Bonn, Germany	
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Y 

Z 

+ cylindrical coordinates around Z axis	

	

Typical inputs of 4-vector:	

pT, phi, eta, E	




Tau ID	

Identification!

Hadronic taus reconstructed based on decay 
modes: charged hadrons + EM strips!

Isolation !
Multivariate isolation using relative ΣpT of particle 
flow candidates in concentric rings around the τ!

Tau identification!

19 Maria Chamizo Llatas Higgs Quo Vadis March 2013 

New in 2012 
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Overview B’/T’ (by Sadia Khalil)	
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But not just Higgs…	

•  Bs to μμ close to SM is 

extremely strong limit to 
all top partner-loving 
model building!	
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TABLE I. Expected and observed limits on the B0 !
µ+µ� branching fractions for the 2012 and for the combined
2011+2012 datasets.

Dataset Limit at 90% CL 95% CL

2012 Exp. bkg+SM 8.5⇥ 10�10 10.5⇥ 10�10

Exp. bkg 7.6⇥ 10�10 9.6⇥ 10�10

Observed 10.5⇥ 10�10 12.5⇥ 10�10

2011+2012 Exp. bkg+SM 5.8⇥ 10�10 7.1⇥ 10�10

Exp. bkg 5.0⇥ 10�10 6.0⇥ 10�10

Observed 8.0⇥ 10�10 9.4⇥ 10�10

nents is also evaluated for the 2011 dataset, modifying
the number of expected combinatorial background in the
signal regions. The results for the B0

(s) ! µ+µ� branch-
ing fractions have been updated accordingly. We ob-
tain B(B0

s ! µ+µ�) < 5.1 ⇥ 10�9 and B(B0 ! µ+µ�)
< 13⇥10�10 at 95% CL to be compared to the published
limits B(B0

s ! µ+µ�) < 4.5⇥ 10�9 and B(B0 ! µ+µ�)
< 10.3⇥10�10 at 95% CL [8], respectively. The (1-CL

b

)
p-value for B0

s ! µ+µ� changes from 18% to 11% and
the B0

s ! µ+µ� branching fraction increases by ⇠ 0.3�
from (0.8+1.8

�1.3) ⇥ 10�9 to (1.4+1.7
�1.3) ⇥ 10�9. This shift

is compatible with the systematic uncertainty previously
assigned to the background shape [8]. The values of the
B0

s ! µ+µ� branching fraction obtained with the 2011
and 2012 datasets are compatible within 1.5�.

The 2011 and 2012 results are combined by computing
the CL

s

and performing the maximum-likelihood fit si-
multaneously to the eight and seven BDT bins of the 2011
and 2012 datasets, respectively. The parameters that
are considered 100% correlated between the two datasets
are fs/fd, B(B+ ! J/ K+) and B(B0 ! K+⇡�), the
transition point of the Crystal Ball function describing
the signal mass lineshape, the mass distribution of the
B0

(s) ! h+h0� background, the BDT and mass distri-

butions of the B0 ! ⇡�µ+⌫µ and B0(+) ! ⇡0(+)µ+µ�

backgrounds and the SM predictions of the B0

s ! µ+µ�

and B0 ! µ+µ� branching fractions. The distribution of
the expected and observed events in bins of BDT in the
signal regions obtained from the simultaneous analysis of
the 2011 and 2012 datasets, are summarized in Table II.

The expected and observed upper limits for the B0 !
µ+µ� channel obtained from the combined 2011+2012
datasets are summarized in Table I and the expected
and observed CL

s

values as a function of the branching
fraction are shown in Fig. 1. The observed CL

b

value
at CL

s+b

= 0.5 is 89%. The probability that back-
ground processes can produce the observed number of
B0

s ! µ+µ� candidates or more is 5 ⇥ 10�4 and corre-
sponds to a statistical significance of 3.5�. The value of
the B0

s ! µ+µ� branching fraction obtained from the fit

]9−) [10−µ +µ → 0BB(
0.2 0.4 0.6 0.8 1 1.2 1.4

s
C

L

0

0.2

0.4

0.6

0.8

1
LHCb

(8TeV)1−(7TeV) +1.1 fb1−1.0 fb

FIG. 1. CLs as a function of the assumed B0 ! µ+µ� branch-
ing fraction for the combined 2011+2012 dataset. The dashed
gray curve is the median of the expected CLs distribution if
background and SM signal were observed. The shaded yellow
area covers, for each branching fraction value, 34% of the ex-
pected CLs distribution on each side of its median. The solid
red curve is the observed CLs.
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BDT > 0.7

FIG. 2. Invariant mass distribution of the selected B0
s

!
µ+µ� candidates (black dots) with BDT > 0.7 in the com-
bined 2011+2012 dataset. The result of the fit is over-
laid (blue solid line) and the di↵erent components detailed:
B0

s

! µ+µ� (red long dashed), B0 ! µ+µ� (green medium
dashed), B0

(s) ! h+h0� (pink dotted), B0 ! ⇡�µ+⌫
µ

(black short dashed) and B0(+) ! ⇡0(+)µ+µ� (light blue
dot dashed), and the combinatorial background (blue medium
dashed).

is

B(B0

s ! µ+µ�) = (3.2+1.4
�1.2(stat)

+0.5
�0.3(syst))⇥ 10�9

and is in agreement with the SM expectation. The in-
variant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

The true value of the B0

s ! µ+µ� branching fraction is
contained in the interval [1.3, 5.8]⇥10�9([1.1, 6.4]⇥10�9)
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